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Interparticle forces have a substantial effect on the fluidizability of
the small particle fluidized beds. In this study, we 1) investigate the effect
of the interparticle force on the fluid dynamic behaviour of particles in
fluidized beds and 2) develop practical and theoretical models in order to
predict the fluidization condition in magnetically stabilized fluidized beds.
Typically, one can not control the magnitude of interparticle forces
because they are natural characteristics of given material/particles. An
experimental study of the influence of the magnitude of interparticle forces
on the quality of fluidization and consequently on the performance of the
fluidized bed reactor is, therefore, limited to a given magnitude of
interparticle forces specific for a material used in a given study.
However, we propose to study the influence of interparticle forces on
the quality of fluidization in the Magnetically Stabilized Fluidized Bed
(MSFB), where we can "artificially" create interparticle forces (Fat) of any
magnitude by applying an external magnetic field to ferromagnetic
particles. Under normal conditions, no magnetic field, particles in this
study exhibit usual quality of fluidization characteristic for the group B
Redacted for Privacypowders. When an external magnetic field is applied, particles are
magnetized. The magnetization of these particles generate interparticle
adhesive forces and the quality of fluidization drastically changes. If
sufficiently strong magnetic field is applied agglomeration of particles
result in complete defluidization of solids which is characteristic for the
group C powders of Geldart's classification. Furthermore, an increase in
fluidization velocity may result in an increased drag force which can again
provide a balance to magnetically induced cohesive forces. This
characteristic velocity is transition point between defluidized and fluidized
bed. It is called the deformation velocity, Ud. We propose the model which
predicts deformation velocity as a function of the magnitude of the
interparticle force and other physical characteristics of particles and fluids
that are usually observed in fluidization (pp, pf,t, dp, e ).
Furthermore, using the concept of the elastic wave velocity, Ue, and
the porosity perturbation velocity, Ue, one can predict transition point
between homogeneous and heterogeneous (bubbling) fluidization. The
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A= Hardness of particle [ N/m2 ]THE EFFECT OF INTERPARTICLE FORCES
ON FLUIDIZATION REGIMES;
A STUDY OF MAGNETIZED FLUIDIZED BEDS
CHAPTER 1
INTRODUCTION
Interparticle force plays an important role in fluidization of very
small particles. When interparticle forces are of the same order of
magnitude as other forces involved in fluidization of solids (gravity, drag,
and buoyancy forces) one often encounters difficulties which are
qualitatively described as poor fluidizability. According to the Geldart's
classification of powders, solids in group C are classified as nonfluidizable
particles. There is a genuine need to study the role of the interparticle forces
and to be able to predict more accurately the quality of fluidization
(fluidizability) of fine powders. There are numerous studies suggesting that
Geldart's classification of powders is unreliable when one attempts to
design a fluidized bed reactor.
More effective and economic fluidization can be achieved by using
smaller sized particles in many fluidized bed applications. For this reason
many investigators have minimized particle size in order to improve
fluidizability. Good fluidization, unfortunately, is not achieved if the
particle size is smaller than some characteristic diameter. Based on
previous works [Ciborowski (1962), Baerns (1966), Donsi et al. (1973, 1975),2
Rietema (1973, 1990), Massimilla et al. (1976), Geldart et al. (1978), Molerus
(1982), Overbeek (1984), Seville et al. (1984), Jaraiz et al. (1992)] the relative
magnitude of interparticle forces - capillary forces, van der Waals forces,
and electrostatic forces - becomes dominant compared to the magnitude of
the gravitational force of a single particle as particle size decreases. As a
result, a bed falls into either channeling or channeling and bubbling
conditions rather than being homogeneously fluidized.
At this point, we acknowledge that the interparticle force itself and
its effect on fluidizability must be studied in more detail. In order to
accomplish this task we create 'artificial' interparticle forces by applying
magnetic field into fluidized beds. When particles are magnetized,
attraction force between particles is generated. This force can be adjusted
easily by controlling the magnetic field intensity. We will be able to
characterize the fluidization condition in a bed based on the magnitude of
the generated interparticle force.
In this study,we develop a theoretical model to obtain the
magnetic interparticle force based on experimentally obtained data at a
point where transformation from stabilized condition to particulate
fluidization condition occurs. We also develop a model to predict the
transition point from particulate to aggregate fluidization in an MSFB.
The terms MSB, MFB, and MSFB are defined as follows:
MSB - Magnetically Stabilized Bed - indicates a bed in the presence
of a magnetic field, which shows the decrease of pressure drop from the
fluidization velocity higher than the minimum fluidization velocity. The
movement of particles is relatively restricted due to magnetic interparticle
forces. It has been observed by several investigators that an MSB shows3
hysteresis of pressure drop and of bed height during fluidization and
defluidization cycles.
The term MFB - Magnetically Fluidized Bed - describes a bed in a
particulate or an aggregate fluidization mode in the presence of a magnetic
field. The gravitational force of a particle together with the magnetic
interparticle force have been overcome by the drag force. Particles are
randomly moving around just like in a conventional fluidized bed.
Figure (1.1) Typical fluidization modes of MSB and MFB
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MSFB Magnetically Stabilized Fluidized Bed - represents all fluidi-
zation modes under the influence of a magnetic field. An MSFB may
indicate either MSB, MFB, or both. Figures (1.1a) and (1.1b) show the
typical fluidization modes of MSB and MFB.
All the terms will be discussed in more details in Chapter 3 and 4.4
CHAPTER 2
THEORETICAL BACKGROUND AND CRITICAL REVIEW ON
PREVIOUS WORKS
2.1 Interparticle Forces
In fluidization engineering, the role of interparticle force becomes
very important when particle size becomes smaller. If the magnitudeof
interparticle force exceeds the magnitude of particle gravitational force
particles start agglomerating to each other. This agglomeration of particles
is one of main characteristics of Geldart Group C fine powders.
Consequently, the fluidizability of a bed becomes inefficient and
impractical. Numerous researches have been done and some of them will
be briefly discussed and used as theoretical background for this study .
One of the early studies on the interparticle force in fine particles in
a conventional fluidized bed is done by Baerns(1966). He related the
fluidizability of particles as a function of the particle size and interparticle
forces in fluidized beds. Baerns states that the heat transfer rate decreases
as a particle size decreases because of the poorfluidizability of the bed. He
define the fluidizability of a conventional bed as the ratio of the calculated
and observed incipient fluidization velocity
FI =
Uolvd
Us
(2.1)5
Baerns (1966) is one of the first investigators to consider interparticle forces
in a simplified model of force balance acting on a particle in a fluidized
bed.
Figure (2.1)Simplified model of forces acting on particle in a bed of
particulate material with gas flowing upward [Baerns (1966)]
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As particle size becomes smaller the interparticle force becomes
dominant. The following equation represents the force balance acting on a
particle:
Fd = Fe + 4 (2.2)
The drag force, Fd, is given asFa= Kr)8-1C dppfU (2.3)
When one takes into account the interparticle forces in Eq. (2.3), one can
obtain following relation:
It2 2 Fg + 4 = pcD,
Ap
T T
8
p obsd (2.4)
Replacing CD by CD = 24/Re for Re smaller than 1, Eq. (2.4) becomes
Fd Fd Us
FI
Fd +4 Fg +Fd Uobsd
(2.5)
6
With this result assuming Fd = 4, however, it is not available to
obtain consistent relation between Fg/(Fg + Fd) and Us/U obsd. This suggests
that in a certain range of force ratio fluidization can not be developed.
Baerns (1966) made an effort to quantify his findings by defining three
different fluidization regimes.
Fluidization
Quasi-Fluidization
No Fluidization
Fd / (Fg) > 5 x 10-2(2.6)
Fg
5x10-2 >
F
FgFd
(2.7)
g< 3 x10-3 (2.8)
FgFd7
This was one of the first investigation that attempted to quantify
interparticle forces and their influence on the behaviour of the
conventional fluidized bed.
Donsi et al. (1975) studied the attraction force for solid particles in a
fluidized bed. They were mainly concerned with the van der Waals and
the capillary forces between Ludox catalyst particles. They intended to
compare their experimentally measured attractive force between
undeformable particles with the force calculated from the equations
developed by Krupp (1967) and by Schubert (1975).
van der Waals force
capillary force
Fw = kw
R
1
R2
RI + R2
F = k,
R
'R2
RI + R2
(2.9)
(2.10)
Using a centrifugal method of measurement they concluded that
interparticle force is greater than van der Waals force but smaller than
capillary force.
The cohesive forces between solid particles in the fluidized bed was
also studied by Massimilla et al. (1976). They performed experiments on
the fluidized bed covering from the incipient fluidization velocity up to
the bubbling fluidization velocity with spherical fine particles smaller
than 100 gm. The van der Waals force is defined for the cases of
nondeformable and deformable solids respectively.
(2.11)and
he) ho.)
F=
8
Ri,
/czo(1 +8n2Z0A)
where the reduced curvature radius, Ro, is defined as
Ri) =
R
1
R2
Ri + R2
(2.12)
(2.13)
8
As for the capillary force, it was previously classified into three
different cases: (1) a 'pendular state' as no interconnecting liquid bridges
between particles (2) a 'funicular state' as local interconnecting and (3) a
'capillary state' as all interparticle space filled with liquid. They assumed
the case of pendular capillary condition and for the two undeformable
particles contacting each other. Massimilla and coworkers (1976) proposed
Fc = 4CaRo (2.14)
The calculation shows that capillary forces are one order of magnitude
greater than the van der Waals forces. Capillary forces are greater than
weight forces of particles for wide range of experimental conditions. In
addition, it is found that relative magnitudes of Fc and Fg are becoming
much greater than weight forces of particles as the particle diameter
becomes smaller. The result is plotted in Figure (2.2).
At the same time, one canconsider different particle contact
configurations and particle surface irregularities in order to estimate9
attraction forces between particles. According to this analysis, the attraction
forces are affected by irregularities on particle surface as well. Attraction
forces decrease by about two order of magnitude because of the surface
irregularities.
An effort was made to interpret the relation between the Geldart's
classification of fine powders and interparticle forces by Molerus (1982). He
suggests that different quality of fluidization, characteristic for each type of
Figure (2.2) Comparison between particle weight and solid to solid
interactions based on particle diameter for perfect spheres [Massimilla et
al. (1976)]
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particles (A, B, C, D), has to be traced to qualitatively different influence of
interparticle forces on powder fluidizability. He classified fine powders by
analyzing the force balance acting on particles. The most interesting result
of his experiment is the criterion for the transition between class A and C
powders. He argues that fluidization limit is reached when interparticle
adhesion forces become dominant over drag forces acting on particles. The
relation obtained as the fluidization limitfor fine-grained particles is:
Dlmax
FT
(pDpf)c1,,g
= 10 =K
1
FH
(2.15)
From the experimental result,reported by Geldart, Molerus (1982)
calculated K1, to be approximately K1 = 0.01. With this criterion the
transitional region between class A and C can be located on the powder
classification diagram allowing marginal region to the right side of the
diagram for the consolidation of particles, humidity or electrostatic effects.
For the other groups of powders, the larger particles, the importance of the
interparticle force becomes negligible.
An experiment for the estimates of interparticle forces from
expansion and pressure drop in vibrating beds of fine powders was
performed by Jaraiz et al. (1992). They used flour, silicon nitride (Si3N4),
Zirconium (ZrO), and tungsten (W) particles. It is assumed that a vibrated
expanded but not fluidized bed of very fine particles (Geldart's class C
particles) is an elastic medium. The expansion of the bed is determined by
particle type, interparticle forces, drag force on particles, and gravity. They
pointed out the fact that extra frictional forces are needed to separate the11
contact points formed by interparticle forces. They obtained an expression
for the interparticle force with regard to pressure drop in a bed:
F=
PP
itd3
P A(AP)
6h0(1- co) ANc
(2.16)
AP is the pressure drop of the bed, and AN c is the variation of the
coordination number or mean number of a particle, which is given by
Nakagaki et al. (1968) mentioned in Suzuki et al. (1981). They define
dimensionless interparticle number, Rc, as the ratio of interpaticle force to
gravity force as follows:
(interparticle force) NcFpp
R
(gravitational force)( l_d3
6
)
P
p
P
Nc [A(AP) / (AN,)]
h0(1eo)Ppg
(2.17)
They also suggest the classification of the powders based on the obtained
value of Rc. The classification of the powders is:
A
Rc » 1
Rca'1
Rc « 1
Geldart C particles
Boundary between Geldart C and
particles
Geldart A particles12
2.2 Magnetically Stabilized Fluidized Beds
Agbim et al. (1971) discovered incidentallythat the formation of
bubbles is suppressed while fluidizing magnetized particles. It is implied
that this suppression of bubbling in a gas-solid fluidized bed occurs due to
interparticle forces generated by magnetization of particles. They tried to
measure the intensity of magnetization of particle with a conventional
magnetometer. The measurement was not successfully completed because
of the random orientation of magnetic poles of their sample.
Sonoliker et al. (1972) reported experimental results obtained in an
MSFB of iron particles. When they increase the magnetic field intensity
they observe a higher minimum fluidization velocity. They proposed the
following relation
Gffifoe'wnH (2.18)
The increase of the minimum fluidization velocity is explained as the
difference in magnetic field intensity between the upper and the lower
portion of the bed (line )0C shown in Figure (2.3)). The difference in
magnetic field intensitycauses downward acceleration of the particles,
which is defined as
gH = gekH (2.19)13
Figure (2.3) Fluidized bed with magnetic field [Sonoliker et al. (1972)]
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Figure (2.4) Comparison between ordinary fluidized bed and magnetized
fluidized bed with magnetizable particles [Rosensweig (1978)]
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Rosensweig (1978) reported in his patent claim that the particulate
fluidization regime can be extended to high fluidization velocity if
magnetic field is applied to a fluidized bed of magnetizable particles. Also,
bubble formation can be postponed up to much higher fluidization
velocities. This bed behaviour is sketched in Figure (2.4).
Rosensweig) (1979) studied MSFBs over a wide range of gas
velocities, where conventional beds would normally operate in bubbling
regime. Magnetically stabilized beds are free of bubbling, backmixing of
solids, and gas bypassing. However, heat transfer rates are lower in an
MSFB than in a conventional bed. He also observed that the incipient
fluidization does not change irrespective of presence or absence of the
magnetic field. He explained that this consistency is occurring because15
there is no net force on whole body of the bed in a uniform magnetic field.
He defined three regimes in an MSFB according to a physical appearance
of the beds; unfluidized, stably fluidized, and unstably fluidized regimes.
He found that a flowing medium in a stably fluidized state exhibits liquid-
like behaviour. At moderate high field intensity the stably fluidized state
is changed gel-like condition. At even higher field intensity the flowing
medium becomes solid-like. This behaviour of bed according to field
intensity is presented in Figure (2.5).
Figure (2.5) Regime map for fluidization regimes [Rosensweigl (1979)]
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If the magnetization of particles reaches a certain value, the flowability of
the bed of solid particles would be lost due to the strong attraction forces
between particles.
In 1981, Rosensweigl and his coworkers (1981) compared the
magnetically stabilized fluidized solids to the conventional fluidized bed.
The conventional gas-solid fluidized bed typically starts bubbling
immediately after the minimum fluidization velocity. Rising bubbles
agitate whole bed in turbulent-like motion and consequently cause the
backmixing of particles and bypassing of large portion of gas, thus reducing
a contact between gas and particles. Contrary to this, when a uniform
magnetic field is introduced, bubbles disappear and the fluid-like fixed bed
condition is established, so-called a magnetically stabilized bed. In this
fluidization mode, One can take advantage of both fluidized bed and fixed
bed. The following is a summary of advantages of an MSFB when
compared to a conventional fluidized bed. The physical features of gas-
solid contacting systems [Lucchesi et a/. (1979)] cited in Rosensweigl et al.
(1981) is tabulated in Table (2.1).
In the same year, Rosensweigl et a/. (1981) published an article on
the structure of magnetically stabilized fluidized bed with a computer
aided simulation model. They simulated the bed structure for two
dimensional geometry of uniform-size spherical and magnetizable
particles. Considering the summation of magnetic and gravitational
potential energies particles are allowed to be positioned at the place where
a local potential energy became minimum. They assume all magnetized
particles in the form of dipoles to be directed vertically along the externally17
Table (2.1)Physical features of gas-solid contacting systems [Lucchesi et
al. (1979)]
Characteristics
BubblingStable Fixed
Fluid BedFluid BedBed
Constant Pressure vs. Flow Rate Yes Yes No
Constant Pressure vs. Particle Size Yes Yes No
Continuous Solid Throughput Yes Yes No
Gas Bypassing Prevented No Yes Yes
Attrition Prevented No Yes Yes
Solids Backmixing Prevented No Yes Yes
Traps Partides at Low A P No Yes Yes
applied magnetic fields. They defined a dimensionless variable, SIG, as the
ratio of gravitational energy of elevating a particle the distance of its own
diameter to the magnetic repulsion energy between two laterally
positioned, magnetized particles. The variableSIGis inversely
proportional to the particle magnetization and has the following
characteristics:
SIG <1
1 < SIG <10
SIG > 10
Open columns
Partially structured
Dense, isotropic packing18
The structure of particles in the bed generated by the computer
simulation model corresponds well to our three-dimensional geometry of
particles in MSB and MFB. Furthermore, the simulated void fraction in
dense random packing gave consistent and corresponding result with
those results previously done by others. The asymptotic void fraction as a
function of the dimensionless variable, SIG, is shown in Figure (2.6).
Jaraiz and his coworkers (1983) studied on the applications of
magnetic field in the gas-solid systems. When the magnetic field is applied
in the conventional bubbling bed, they argued that an overall force,
directed towards the center of curvature of bubble, exists whenever a large
voidage is established in the bed. Hence, they formulated an equation with
Figure (2.6) Vodiage fraction of simulated structures [Rosensweig2 et al.
(1981)]
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regard to the force acting toward the center of bubble using the gradient of
the magnetic flux density, dB/dr, and the field strength, H, in the form of
F2 = k2H2: (2.20)
They express an interparticle force produced with the magnetic induction
and the magnetization of particles, which is presented in the form of
F, = kId22,B2 (2.21)
based on Figure (2.7).
Figure (2.7)Behaviour of magnetic particles in a magnetic field [Jaraiz et
al. (1983)]
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They asserted that the vertical magnetic flux lines at the bubbles
become distorted and the consequent lateral force towards the center of
curvature tends to hinder the formation of bubbles in the bed.
Unfortunately, they did not give any results and/or examples of
numerical calculation to illustrate this phenomenon. They showed
several models of the magnetic valve for solids (MVS) and the magnetic
distributor down -corner (MDD) for fluidized beds.
Arnaldos et al. (1985) developed a mathematical model of the
magnetically stabilized fluidized bed. They obtained the fluid velocity Uint
through the interstitial channels in the magnetically stabilized bed (MSB)
in the form of
Uin
US
e cos iv
(2.22)
based on the diagram sketched in Figure (2.8). The length of the interstitial
channels, he, is obtained
he =h (2.23)
e cos xv
By using the Hagen-Poiseullie equation, they obtain the fluidizing velocity
only applicable at incipient fluidization
Utr=
cos2w (Pppf)gd2p e3u.
72 µ 1etr
(2.24)21
Different values are obtained for the angle iv for a bed of randomly
distributedparticles: 53° (Bureau of Mines), 51° (taking the Kozeny
constant as 5), 52.3° and 45° for beds of spherical particles. When a bed is
rearranged due to magnetic field, then iv approaches zero. One has to adopt
the following assumptions:
1) The maximum reordering of particles is a function of the applied
magnetic intensity
2) The stabilized condition is considered as a fixed bed condition in
that the pressure drop is a function of the fluid velocity
Figure (2.8)Influence of magnetic field intensity on angle [Arnalods et al.
(1985)]
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3) The particles align themselves along the magnetic fields with the
increasing fluid velocity
4) The apparition of bubbles (at transition velocity) corresponds in
fact to the 'real' fluidization state of the system
5) The action of the magnetic field consists in a gradual particle
arrangement (following field lines) as fluid velocity is increased.
The term 'transition velocity' is used for the minimum fluidization
velocity of the stabilized bed. The transition velocity is obtained from the
following expression:
Ut =
1(ppPf)gd2pe:
r 72 111 e
(2.25)
Arnaldos et al. (1985) also applied the magnetic field to a mixture of
magnetizable and non-magnetizable particles and found that the
stabilization of the bed is strongly dependent on the mass fraction of
magnetizable particles. In fact, they found that the stabilization of the bed
decreases with the increasing mass fraction of the non-magnetizable
particles. We recognize that when the mass fraction of the non-
magnetizable particles are increasing the distance between magnetizable
particles becomes longer. It causes reduction of interparticle forces between
magnetizable particles and subsequently changes flowing condition
unstable.
Siegell (1988) reported on a magnetically frozen bed which could be
observed when the bed is exposed to a very strong magnetic field. Due to
strong attraction forces between particles the bed behaves like packed bed.
He asserted that this is just an extension of the magnetically stabilized23
regime. Only the applied magnetic field intensity is stronger. For the
occurrence of a bed levitation bed depth of at least 50% of the vessel
diameter is required to avoid a collapse of the slug-like bed motion. At a
smaller bed depths, the cylindrical form of the bed is destructed and
consequently forms channels.
Casal et al. (1991) discuss the hydrodynamic behaviour of magne-
tized bed. Noting that the fluidization condition does not change with the
existence of the magnetic field at the incipient fluidization condition, they
perform experiments with nickel and steel shot as a fluidizing particles
which are typical ferromagnetic materials and observe different behaviour
while fluidizing and defluidizing the bed with the applied magnetic field.
Figure (2.9) Pressure drop as a function of gas velocity for different
magnetic field intensity (decreasing velocity for MSB, increasing velocity
for H = 0) [Arnaldos et al. (1987)]
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When the magnetic field is induced into the bed with a solenoid, they
observe the pressure drop begins to decrease at different fluid velocities
which are higher than the minimum fluidization velocity without
magnetic field while they were defluidizing the bed from the bubbling bed
condition. This hysteresis of the bed is observed by many investigators and
presented in Figure (2.9).
The transition condition is defined as the condition where bubble
forms while increasing fluidization velocity. After two cycles of the
fluidization-defluidization of the magnetized fluidized bed (MFB), the
maximum bed height is obtained at a fixed bed condition which means
particles in the bed do not move. This behaviour is considered as the
process that particles are rearranging themselves along the magnetic field
lines and the bed finally reaches a fixed bed condition with the highest
porosity, emf, in the presence of the applied magnetic field. The
arrangements of particles in the bed without magnetic field and with
magnetic field are sketched below:
The porosity of the MFB at transition point is expressed in terms of
the intensity of the magnetic field. They obtain the relation of porosity at
the bubbling condition in the form of magnetic field intensity
et, = emf exp(CH) (2.26)
This relation, however, is not so handy to apply since the constant C has to
be determined. The arrangement of particles in an MFB is also studied by
introducing the concept of bed 'tortuosity.' They understood that the bed
gets higher arrangement of particles along the magnetic fields25
Figure (2.10) Arrangement of particles in fluidized beds [Arnaldos et al.
(1983)]
Particle arrangement
without magnetic
field
Particle arrangement
with magnetic field
with the increase of the intensity of magnetic field by expressing the
values of the average interstitial velocity angle, w, in terms of the vertical
axis which is shown in Figure (2.8).
The bed tortuosity and the relation between the pressure drop and
the gas velocity are obtained as :
Tk
hE h _.
h cosy
AP 72gUE(1e)
h cos w
(2.27)
(2.28)26
As soon as magnetic field is introduced into a bed of magnetizable
particles magnetically polarized particles get aligned along magnetic field
lines. The bed will end up with different arrangement of particles. Since
the mainly attracting forces between particles are in vertical direction, the
most favorable arrangement of particles may be a string. The degree of
straightness of the particles' strings in a bed directly depend on the applied
magnetic field intensity. No matter how small the field intensity, bed
must be affected by the magnetic field and gets less tortuous pathway
through which fluidizing fluid goes. Figure (2.10) shows two extreme
cases, the one without a magnetic field and the other with a strong
magnetic field. Several investigators [Arnaldos et a/. (1985), Casal et al.
(1991), Jovanovic et a/. (1989)] introduce the average interstitial velocity
angle, iv, in order to explain this behaviour. Specially, Jovanovic et al.
(1989) obtained the average interstitial velocity angle, xv, as a function of
bed porosity
lit = arc cos
(1e)2
K2d2p e3
(2.29)
by using experimentally determined bed porosity, e, and parameter, K2.
Saxena et a/. (1990, 1991) investigated a gas-solid magnetically
stabilized bed. They discuss the structure and behaviour of a bedof
ferromagnetic particles under the influence of a magnetic field which is
uniformly applied and have unidirectional axis to the axis of the bed. They
conclude that the magnetization of particles is a function of the magnetic
susceptibility of a particle and of the intensity of an applied magnetic field.
However, they fail to credit interparticle forces created by an applied27
magnetic field for most of the phenomena that they observe in MSFBs.
They note that AP for decreasing values of fluidization velocity are smaller
than the corresponding values for increasing values of fluidization
velocity. Although they observed temporary bubbling in the bed under
weak fields, they defined Gmb as continuos bubbling condition in the beds
explaining the temporary bubbling motion of the beds as bed restructuring.
They find that a bed voidage is increasing with increasing magnetic field
intenstiy at a constant gas velocity.
They conclude that the fluidization characteristics of MSFBs should
be observed within three distinct regimes which are described as weak,
moderate and strong magnetic field regime. In the weak magnetic field
regime, the MSB behaves much like conventional fluidized bed with low
interparticle forces and smooth transition from a particulate to an
aggregate fluidization mode. In the moderate magnetic field regime, the
transition from particulate to channeling or to coexisting channeling and
bubbling state is observed. In the strong magnetic field regime, they
observe higher bed pressure drop with air velocity increasing over gmf.
The pressure drop reaches a maximum value with the increase of air
velocity and then decreases to W/A with further increase of fluidization
velocity.
Cohen et al. (1991) performed an aerosol filtration experiment in a
magnetically stabilized fluidized bed. They proved that an MSFB has
advantages of both conventional fluidized bed continuous operation and
a fixed bed high efficiency. Based on their experiment, they come upwith
the fact that an MSFB can be utilized to improve overall collection
efficiency due to bed stability. They also observe that a bed with smaller28
particles are inclined to channeling more easily. They suggest that packed
bed efficiency can be accomplished by using MSBs. They find that bubbling
and spouting at the transition velocity, Utusual in conventional
fluidized beds - do not occur if a magnetic field is applied into the bed.
Chetty et al. (1991) experiment the support limitationsin
magnetically stabilized fluidized bed separators. Noting the benefit of the
magnetically stabilized fluidized bed, they applied an MSFB as a
liquid/solids contactor since the MSFB provides the higher contacting
efficiency with the plug-flow type of solids, the prevention of the solids
mixing and attrition, and the suppression of bubbling. In their
experiments of the separation and purification of a product from a
biochemical reactor, they find that the smaller particles are the faster mass
transferrate is. There were, however, some restrictions due to the low
terminal velocity of the smaller particles. They use nonmagnetic supports
in MSFBs in order to enhance stability of the bed. In this kind of case, the
attracting force will be changed in a particulate fluidization regime and
non-magnetic supports may cause more unstable condition resulting in
bubbling in beds.
2.3Pressure Drop in the Packed Bed
An magnetically stabilized bed(MSB) behaves very much like
ordinary packed bed. However, there are some important differences. The
particles in the MSB start lining-up along the magnetic field lines from the
moment when a fluid starts flowing through the bed. While increasing29
the fluidization velocity, the degree of the particle line-up correspondingly
increases. This rearrangement process eventually ends at certain point.
When the fluid velocity reaches the deformation velocity of the bed, the
chain of particles will be destroyed immediately when the bed is
transformed from stabilized condition to a particulate or to an aggregate
fluidization.
In view of these phenomena, we consider the magnetically
stabilized condition as a packed bed. Hence it is necessary to discuss packed
bed in detail.
Bird et al. (1960) discuss the friction factor for a packed column
visualizing a packed bed as a bundle of tortuous tubes having irregular
cross sections. They assume that a packing material is uniformly
distributed. There is no "channeling" in the column. At the same time, it
is assumed that the diameter of the packings is much smaller than the
diameter of the bed and that the diameter of bed is constant; thereby wall
effect may be negligible.
The friction factor for the packed bed is defined as
Po Ph ho
pf I.J,2, / 2 dp
(2.30)
Obviously, one has to evaluate the friction factor for laminar and
turbulent flow separately.
For laminar flow in circular tubes of radius, D, the interstitial
velocity is(PP )R2 0 h
81-tho
30
(2.31)
Eq. (2.31) is known as the modified Hagen-Poiseuille equation. One can
visualize a packed bed as a series of interconnected tubes which have very
complicated cross section with hydraulic radius Rh. The average flow
velocity in the cross section is
(Po P2 (u)(u) =
21.1ho
(2.32)
The hydraulic radius may be expressed in terms of the void fraction,
e, and the wetted surface area per unit volume of the bed as follows:
Rh =
a
(2.33)
The quantity a is related to the specific surface, b, which is the ratio of the
total particle surface to the volume of the particles:
a = b(1 (2.34)
The quantity b can be used to define the mean particle diameter dp:
dp
6
b
(2.35)31
Combining the modified Hagen-Poiseuille equation with the
definition of the superficial velocity, Us = <u>e, gives us
Us
(P0 Ph )d2p e3
72gh
(2.36)
After incorporating experimental measurements, new correlation is
obtained as follow:
(P0phd;e
3
Us"7" ho150g (1 e)
(2.37)
which is so-called the Blake-Kozeny equation valid for laminar flow
regime, (pfUsdpiii)(1-e) < 10, and for the region of e < 0.5. The Blake-
Kozeny equation corresponds to a bed friction factor
f =
(1 02 75
e
3pfUsdp
(2.38)
For highly turbulent regime where (pfUsdp/g)(1-e)-1 > 1000, we have the
following relation:
Ph
P° = 3.50 Pfljs2
110 dp2 e3
(2.39)
which is known as Burke-Plummer equation. The Burke-Plummer
equation corresponds to a bed friction factor32
f = 0.875113c (2.40)
e
Ergun equation for intermediate region:
where
(P0Ph)Pf (ILe3= 150 1
sd
-p/
+ 1.75 (2.41)
po U,,h0 1- e pfU
10 <Pf,tj--tc-E-1< 1000
1.1k1e)
(2.42)
This equation is applying for gas quite well and the density of a gas
is calculated at the arithmetic average of the end pressures. For large
pressure drops, however, we need to use following equation instead of Eq.
(2.41).
PoPh 150111J, 1e pft.J1c + 1.75
ho d; e3 dpe
3
2.4 Terminal Velocity of a Single Particle Settling
through Free Medium
(2.43)
Several types of models to calculate the terminal velocity of a
particle have been developed so far. There are some reasonable and
convenient relations to apply in diverse situations.
Haider and Levenspiel (1989) presented a quite simple and
reasonably accurate equation predicting terminal velocities of free-falling33
spheres together with nonspherical particles. By defining dimensionless
terminal velocity, u., and dimensionless diameter, d., as follow:
u.
u. 4 Re
1/3
(-3CD t( 13 )1/3 = U
gli(Pp Pr)
d. =3CCDReg = dsph
11
( gPf(PP f
4
[18(2.33481.74390II
1/3
(2.44)
(2.45)
0.5 < < 1 (2.46)
Zigran et a/. (1981) suggested an equation to calculate the terminal
velocity of a single sphere settling through a liquid as
u. =
d.
((14.51+ 1.83e2)1/23.81)
2
(2.47)
Turton et al. (1986, 1987) obtained an equation for calculating
terminal velocity at very low and very high Reynolds numbers:
18 1824(0.321
d.
(2.48)
Kunii and Levenspiel (1969) proposed the terminal velocity of
spherical solid particle falling through the unhindered gaseous media for
the different range of Reynolds number:pf)d2;
U, =
g(Pp forRe < 0.4 (2.49)
2
Ut
4(PpPf) g2
dpfor0.4 < Re < 500(2.50)
225 pf
They develop the final form of dimensionless terminal velocity in the
form of
1/2
[ U =
3.10ppf)
,
Pf
for 500 < Re < 200,000(2.51)
34
Meanwhile, Leva (1959) performed an experiment to obtain the
terminal velocity making use of a small spherical particle falling through
liquid in a vertical large-diameter cylinder. He obtained equations for
terminal velocity of a particle at three different regions of Reynolds
number as follow:
Ut =(PPPf)gd2P
18p
forRe < 2.0 (2.53)
d1.14G0.714
Opp
0.714
U, = 0.152 P for2.0 < Re < 500(2.54)
Pf
U, =(3gdp PP f11
P forRe > 500 (2.55)
Pf35
Since most models demonstrate their own characteristics giving
reasonably similar result of the terminal velocity. We choose Haider and
Levenspiel's model for the purpose of the calculation of the terminal
velocity because their model is quite simple to apply. The obtained
terminal velocity of a particle using their model is moderately accurate.36
CHAPTER 3
DEVELOPMENT OF THEORETICAL MODEL OF
THE DEFORMATION VELOCITY
When a magnetic field is introduced into a bed the incipient
fluidization of the bed does not show any difference from a conventional
fluidized bed with increase of fluidization velocity. However, there is
difference when fluidization velocity is decreasing from minimum
bubbling velocity. In MSFBs, the pressure drop starts decreasing at a
fluidization velocity higher than the minimum fluidization velocity.
Under the influence of a constant magnetic field, the arrangement
of particles becomes chain-like. This is because magnetized particles have a
strong tendency to align themselves along the magnetic field lines.
Magnetic attraction forces between particles are mainly involved in this
process. The maximum order of the rearrangement of magnetized
particles can be achieved by fluidizing and defluidizing the bed. One can
consider this as a stabilized condition. Casal et al. (1984) observe that the
height of the bed changes while fluidizing and defluidizing their bed from
zero velocity to the bubbling velocity. They finally get the maximum
reordering of particles for the correspondingintensity of the applied
magnetic field.
The magnetically stabilized bed demonstrates a strong ability to
accommodate a larger feed flow rate than that of the conventional
fluidized bed. The bed shows lower pressure drop and retains fixed bed
characteristics. Furthermore, particle entrainment does not occur even at37
higher fluidization velocity than terminal velocity of particles with very
strong magnetic field intensity.
Figure (3.1) Bed porosity hysteresis [Siegel' (1987)]
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On the other hand, when the bed is filled with the admixture of the
magnetizable and non-magnetizable particles, the non-magnetizable
particles will be captured within the matrix of the magnetizable particles.
These captured particles start vibrating from certain fluidization velocity
until the stabilized condition is destroyed. Biochemically synthesized
product can be held within the matrix of magnetized particles. The
vibrating motion of non-magnetized particles will improve the
purification efficiency of the biochemical purification processes [Chetty et
al. (1991)].38
The ability of an MSB to hold nonmagnetic particles in the matrix
of magnetizable particles also can be used for the particle separation
process. , A higher mass transfer coefficient between fluid and particles in
an MSB can be achieved, although a higher heat transfer coefficient may
not. This characteristic can be applied to fermentation broth process [Burns
et a/. (1985), Brenda et a/. (1989)], biochemical purification process, drying
process, and magnetic particle separation process [Rosensweig et al. (1987)]
etc.
All of these different behaviours originate from the magnetization
of particles. The magnetization of particles causes a magnetic attraction
between particles. This attraction acts as an additional force which has to
be overcome by drag force in order to fluidize the bed. A more appreciable
and accurate model is required to explain these behaviours, however, no
proper model has been developed yet. Therefore, we develop a theoretical
model to explain the effect of magnetic interparticle force on fluidization
quality and the characteristics of MSBs in this chapter.
3.1 Assumptions and Definitions
3.1.1 Assumptions
For the development of model of the deformation velocity in the
MSB we need to set up certain assumptions. First of all, we need to assume
that the bed is filled with uniform-sized and spherical particles. The wall
effect is considered to be negligible since the ratio of the diameter of39
particle to the diameter of bed is small enough. The whole volume of
particles remains constant and can be related to the bed porosity as follow:
V, = Ah(1e) (3.1)
In addition, we assume that the applied magnetic field intensity is
uniform throughout the bed. Magnetization should be kept lower than
the saturation magnetization of the particles. The arrangement of particles
will be considered to be same shape throughout the bed.
We assume that all particles in an MSB are placed in a cubic array. A
single cube consists of one body-centered particle and eight particles on the
corner of the cube. The arrangement of particles in an MSB is illustrated in
Figure(3.2). The cubical arrangement of fluidized particlesin
conventional fluidized beds has been proved reasonable assumption in
previous works [Zenz et a/. (1960), Rowe et al. (1961), Richardson et al.
(1961), Foscolo et a/. (1985)]. The main attraction force between particles
which keeps particles stationary is the force vertically acting between a
particle and particles placed on the top or at the bottom of the particle.
3.1.2 Definitions
According to the discussion in the section 1.2, an MSB can be
defined as a bed which shows pressure drop hysteresis during fluidization
and defluidization of the bed in the presence of a magnetic field. The
pressure drop hysteresis occurs because of rearrangement ofmagnetized40
particles. Particles in a bed are stabilized and interconnected each other in
the form of a string.
If a bed is fluidized and defluidized under a constant magnetic field
the bed height becomes higher than the initial bed height. An MSB shows
bed porosity hysteresis as well. The order of the rearrangement of particles
finally reaches maximum value. This behaviour is shown in Figure (3.1).
While the fluid velocity is being increased from zero velocity, the
particles in the bed will remain the obtained arrangement. The drag force
produced by the fluid flowing through the bed has to overcome the weight
of a particle at first and then the magnetic interparticle force which keeps
the particle from moving away. As soon as the drag force overcomes the
sum of the gravitational force of a particle and the magnetic interparticle
force the bed will be fluidized. The structure of the magnetically stabilized
bed will be destroyed and transformed to a particulate or to an aggregate
fluidization. The fluidization velocity which causes the destruction of the
stabilized structure of the MSB is defined as the deformation velocity of
the MSB.
3.2 Geometry of Particles and Interparticle Forces
in a Magnetically Stabilized Bed (MSB)
When a magnetic field is introduced unidirectional to the vertical
axis of the fluidized bed, it can be expected that all the particles are going to
be magnetically polarized along the same direction and behaves like
magnetic dipoles. The magnetic forces due to the magnetization of
particles cause particles to move into the place in a manner of aligningFigure (3.2) Configuration of particles in a stabilized bed
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particles along the magnetic fields. Magnetized particles exert repulsive
force each other when they are approaching each other laterally with same
vertically unidirectional polarization axes with their centers on the same
horizontal plane. The strongest attraction is the force of one kind of a
magnetic pole exerting to the other kind of a magnetic pole. Hence, the
disposition of the particles may be unidirectional and vertical string form.
All of particles will form strings along vertical magnetic field lines. The
length of the string, or bed height, is dependent on magnetic properties of
a particle and dependent on the magnetic field intensity. These strings will
be arranged where local potential energy between particles becomes
minimum [Rosensweiglet al.(1981)]. Subsequently, the appropriate place
of a particle of a string will be a point on the plain horizontal with the
contact point between two particles of the other string. The arrangement of
particles is shown in Figure (3.2).
In view of the cubical arrangement of particles, we are going to
consider experimental relations with regard to coordination number.
Several experimental relations on the coordination number as a function
of bed porosity are summarized in Table (3.1). The plot using these
equations is shown in Figure (3.3) which demonstrates the average
coordination number with regard to bed porosity.
In the case of a magnetically stabilized bed, Casalet al.(1991) present
their experimental result regarding influence of magnetic field intensity
on the variation of the coordination number in the bed at zero
fluidization velocity. They used the Okazakiet al.(1977) equation in order
to compare with their results. The comparison is given in Figure (3.4).
Figures (3.3) and (3.4) show the bed porosity about 0.45 is ranging from five43
Table (3.1)Relations on the coordination number in terms of the bed
porosity.
references equations
Rumpf (1958) Nc = 3.1/ e
Nakagaki et al. (1968)Nc = 1.61c-"8 for E0.82
Nc = (4.28x10-3)e-17.3 + 2.00for 0.82 5 c
Haughey et a/. (1969)Nc = 22.4739.39E for 0.82 <
Okazaki et al. (1977)Nc = 13.84V232e57.18for 0.249e
Gotoh (1978) Nc = 36(1c) / IC for 0.53 > e
Nc = 20.7(1e)4.35 for 0.3c 5. 0.53
Figure (3.3) Plot for the coordination number versus the bed porosity
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Figure (3.4) Influence of magnetic field intensity on the variation of the
coordination number [ Casal et al. (1991)]
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(5) to seven (7). The coordination number is six (6) under a cubic
arrangement of particles in an MSB. We can see that our assumption is
within the range of the obtained coordination number using equations in
Table (3.1).
3.3. Theoretical Development of Model
Several investigators reported [Siegell (1988), Saxena et al. (1990),
Casal et al. (1991), Cohen et al. (1991), Chetty et al. (1991)] that MSFBs show
hysteresis on the pressure drop vs. fluid velocity curve during fluidization
and defluidization cycles. At the incipient fluidization, a bed is
independent of the magnetic field intensity. During the defluidization,45
however, the pressure starts decreasing at fluidization velocity higher
than the incipient minimum fluidization velocity. The hysteresis of
pressure drop curve is plotted in Figure (2.9).
On the other hand, bed porosity also shows hysteresis during
fluidization and defluidization [Siegel! (1987, 1988), Casal et al. (1991)],
which is shown in Figure (3.1). Under a constant magnetic field intensity,
the maximum particle reordering can be achieved after fluidization and
defluidization series. Vibrations or jet streams through a distributor may
affect the reordering of particles in a bed. Hence, the series of fluidization
and defluidization become necessary.
The applied magnetic field generates the magnetization of particles
and then particles will start sticking to each other. This agglomeration of
particles can be a good example for the understanding of the behaviour of
the Geldart's class C particles. The main difference between these two cases
is repulsion force in MSFBs when they are laterally approaches. The
magnetic attraction forces also change with respect to the position of
particles whereas the interparticle forces of class C particles depend on the
distance between particles only. These differences must be reflected on the
investigation of the interparticle force whether an MSFB ora
conventional fluidized bed is studied.
Particles will be magnetized immediately when a magnetic field is
applied into a bed. Then, particles will start sticking together to form
agglomerates. Attraction forces between agglomerates cause formation of
even larger agglomerates. Any intermediate form of agglomerates is
relatively heavier than a single particle and typically cannot be fluidized at46
a given fluidizing velocity. Therefore, all of intermediate agglomerates
eventually form a single agglomerate consisting of all particles in a bed.
We may postulate that particles are linked to each other by elastic
strings. The strength of the string is dependent on both the magnetic field
intensity and magnetic properties of a particle. It mirrors the strength of
interparticle force. Foscolo et al. (1984) also took into account the fluid-
particle interaction. They pictured springs between particles when they
were developing one-dimensional particulate model of a fluidized
suspension in conventional fluidized beds.
If drag force is increased to overcome this attraction force together
with the effective weight of particle the agglomerate will be deformed by
taking particles away from the body of the agglomerate. Specially the main
force between particles in an MSFB with magnetic fieldlines
unidirectional to the bed is in vertical direction. This characteristic of
magnetic attraction force contributes to the formation of chain-like
arrangement of particles.
It is important to understand the fact that the attraction force has
zero-sum effect on a particle. In other words, a single particle is attracted
upward and downward simultaneously by particles placed on the top and
at the bottom of the particle respectively. The strength of these attraction
forces acting on particles is same since the magnetization of particles are
equal. Therefore, a single particle does not feel any net magnetic force
which makes particle move downward or upward under stabilized bed
condition. As for this situation, we consider that the magnetic interparticle
forces acting on a single particle are in equilibrium. Consequently, the net47
Figure (3.5)One-dimensional configuration of the arrangement of
particles [Foscolo et al. (1984)]
force on a single particle due to magnetic attraction force can be considered
to be null at any given condition.
The equilibrium condition is valid for all particles in an MSB except
particles on the top of the bed. This is because particles on the top of the
bed do not have any particles sitting above them. Hence, they only feel
downward magnetic interparticle forces exerted by particles placed just
below them.
In order to fluidize these particles, i.e. to detach them from the
agglomerate, drag force should be as same as the sum of the effective
weight of a particle itself and the magnetic interparticle force which keeps
the particle from moving away. The fluidization velocity which causes the
detachment of particles of the top layer of the bed is termed as a
deformation velocity of an MSB in the section 3.2.2. However, particles
belonging to the layer just below the top layer become heavier than their48
own weight since the weight of particles sitting above them acts as an
additional force which should be overcome in order to fluidize these
particles. Hence, these particles can not be fluidized prior to the particles of
the top layer. The lower the level of each layer from the top of the bed is,
the heavier the instantaneous weight of a particle belonging the layer
becomes at any given fluidization velocity.
While increasing fluidization velocity, drag force have to overcome
the weight of a single particle belonging to the top layer of the bed. Then
additional drag force will be required to overcome the magnetic
interparticle force which makes a particle stay on its position. Particles
belonging to the lower part of the agglomerate are still being compressed
by particles of upper layers. Theoretically, the initial detachment of
particles, or initial expansion of bed, from the body of the agglomerate will
occur on the top of the agglomerate. As soon as particles on the top of the
agglomerate is detached the resulting effect will be immediately
transferred downward. We can consider that the separation of particles
eventually occur at the same time. Accordingly, the magnetic interparticle
forces may be considered as an implicit force which seemingly pulls
particles down. In reality, however, local movement of particle in a bed
can be caused by strong inertia forces produced by jet streams coming
through the holes on distributor plate.
The drag force with which all of particles are fluidized can not
exceed the weight of the bed. On the contrary, it was previously observed
that the pressure drop across a bed exceed higher values than the weight of
a bed [Saxena et al. (1990, 1991)].If those observations were not
incorporating the surpressure of a bed, there might be some other factors49
which cause additional pressure drop. Additional pressure drop may
originate from the structure of the bed or from external magnetic effects,
etc.
When the pressure drop becomes equal to the weight of a bed but
the bed is still not transformed to particulate or aggregate fluidization, it
implicates that the magnetic interparticle forces are so strong that the
whole bed may be levitated through the bed column at higher fluidization
velocity. Several investigators observed the bed levitation [Kirko et al.
(1960), Filippov (1960), Katz (1969), Rosensweig2 (1979), Siegell (1987, 1988,
1989), Saxena et a/. (1990, 1991)].
We can depict the force balance around a single particle including
magnetic interparticle force which resists against drag force. According to
Figure (3.4), we may end up with a relation which predictstheinitial
condition of the bed expansion as follow.
Magarnetcic
lar+ Drag[Buoyant ] Interp [Gravitational =[tiu] Force Force Force Force
(3.2)
Based on Eq. (3.2), we can determine the interparticle force between
particles by considering the obtained arrangement of particles presented in
Figure (3.2), force balance, Eq. (3.2), and just measuring a deformation
velocity, and bed porosity at the deformation point. Forces acting around a
single particle are shown in Figure (3.6) including magnetic interparticle
force.
The total rate of energy dissipation can be related to the overall
pressure drop or to the total drag force on particles. This relation is given:AP = FD / A (3.3)
For a single particle, the drag force acting around a particle is:
nd3AAP
Fd =
F
D=
P
N 6V
P
(3.4)
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In a magnetically stabilized bed, the tortuosity should be reflected
because the arrangement of particles in an MSB is somewhat different
from a conventional fluidized bed. That is, the length of the interstitial
channels, he, in an MSB is shorter than that of a conventional fluidized
bed. Therefore, equations for the pressure drop in conventional fluidized
beds should be modified a little bit. According to the discussion in the
section 2.2, we have equations for the interstitial channels, Eq. (2.23), and
for the average interstitial velocity angle, iv, Eq. (2.29). In our study, we are
going to use the concept of Eq. (2.23) to calculate the pressure drop in an
MSB.
From the Ergun equation covering laminar and turbulent flow
regimes, we can obtain the drag force required to detach particles from the
top layer of the bed.
1dpe3 1e+ 1.75 (3.5) pfU: h 1 e
AP = 150
dppfUs / gFigure (3.6) Force balance acting around a single particle.
Drag force, F
Buoyant force, Fb
Gravitational force, Fi
Magnetic interparticle
force, Fate
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After rearranging Eq. (3.5) with regard to the pressure drop, we get
Eq. (3.6).
1e(150 1e A Al' =
p
f I6 +1.75
dp e3 dppfUs / p.
(3.6)
Substituting Eq. (3.6) into Eq. (3.4) yields the final expression for the
drag force acting on a single particle applicable for the initial stage of the
bed expansion:
icdpfU8
2 1e Fd = P (150 + 1.75
6e3 dppfUs / ii,
(3.7)52
The effectiveweight of particle, Fe, is commonly expressed as
follow [Foscolo et al. (1984 )]:
d/E;
Fe =
6(PPPf)ge
(3.8)
The interparticle force vertically acting on a particle, Fattr, may be
expressed as the difference between the drag force exerted on a particle of
the top layer of the bed and the effective weight of particles. Both of forces
are obtained at a deformation point.
Fattr = FdFe (3.9)
When Eq. (3.7) and Eq. (3.8) are substituted into Eq. (3.9) the
interparticle force becomes
r Fattr
RcppfU' (150 1
L+
c ird;
kppf)ge(3.10) -- 75)
6e3 dppfUd / p. 6 P
The deformation velocity, Ud, is explicitly embedded in Eq. (3.10) in
a quadratic form. In chapter 4, we will discuss the interparticle forces in
more details. Hence, we just use the obtained relation now. The main
attraction force between particles in a stabilized bed is the force acting
between vertical strings of particles. The angles, a and a', between the
polarization axes of particles and the line connecting centers of two
particles are zero. This attraction force can be expressed asFatty
3i.t0mm' ,. . ksmasma2cosacosoe)
zinr-
31.tommt
2irr4
(3.11)
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Finally, we end up with Eq. (3.11) with which we can correlate the
bed fluidization conditions to the interparticle force. Eq. (3.11) is applicable
when a stabilized bed is being transformed from a stabilized, or fixed, bed
condition to a particulate or an aggregate fluidization. The drag force
acting on a single particle balances with both the effective weight of a
particle and the interparticle force exerted on particles of the top layer of
the agglomerate by the particles just below the top layer. We define the
deformation velocity, Ud, as the superficial velocity of the fluid which
causes the deformation of the stabilized bed condition into a particulate or
an aggregate fluidization.54
CHAPTER 4
DEVELOPMENT OF THE MODEL OF THE PREDICTION OF
TRANSITION FROM HOMOGENEOUS TO HETEROGENEOUS
FLUIDIZATION REGIME
One of the main purposes of this study is to develop explicit model
to predict the transition point from a homogeneous to a heterogeneous
fluidization in MSFBs. In a fluidized bed, there may exist certain limit
where the fluidization mode transforms from homogeneous to
heterogeneous fluidization condition. Flowing substance becomes
unstable when the continuity, or kinematic, wave velocity surpasses the
elastic, or dynamic, wave velocity [Wallis (1969)]. The unstability of a
flowing medium commonly indicates a bubble formation. This criterion
has been applied to predict bubbling points in conventional fluidized beds.
Interparticle forces have been usually neglected. Few works have been
done on MSFBs where interparticle forces become dominant. Only Foscolo
et al. (1985) included the interparticle forces in their modified model for
the prediction of a transition point in MSFBs. The capability of MSFBs to
sustain a stabilized, or fixed, bed condition with fluidization velocities
higher than minimum fluidization velocity is significant characteristic of
MSFBs. We need to understand the fluid mechanism in MSFBs.
The strength of interparticle forces drastically decreases in an
expanded bed operating in a particulate regime. The expansion of bed can
be reasonably interpreted as the increase of distance among particles. The
extension of the distance between particles will result in the drastical55
decrease of the interparticle force and the decrease of the elastic wave
velocity simultaneously. Subsequently, MSFBs are used to bubbling
immediately after the deformation of a stabilized condition. Because of
this phenomenon, the transition point has been traditionally considered
to coincide with the deformation point. In this chapter, however, we
develop a model to predict transition point of fluidization mode in order
to distinguish a transition point from a deformation point. It is also
attempted to explain the effect of interparticle force on the fluidization in
MSFBs.
4.1Assumptions and Definitions
4.1.1Assumptions
In the chapter 4, we are going to discuss magnetically fluidized beds
operating in a particulate or an aggregate fluidization regime in order to
develop a theoretical model to predict the transition point from a
particulate to an aggregate fluidization regime. In order to accomplish this
task, the following assumptions will be adopted.
As we already discussed in the chapter 3, we assume that particles in
a bed are uniform-sized and spherical. The wall effect is also considered to
be negligible. The applied magnetic field intensity is uniform throughout
the bed. The strength of magnetization of a particle should be kept below
the saturation magnetization to prevent the effect of the remanent56
magnetization of particles. These assumptions are almost similar with
those in Chapter 3.
When a bed is operating in particulate regime the configuration of
particles may be assumed to be uniformly distributed and arranged in a
cubical array. That is to say, a cube consists of one body-centered particle
and eight particles on the corners of the cube.
As for waves, the changes in pressure, temperature, and density are
negligible when the waves are weak. Therefore, velocity changes of waves
do not affect the change in friction due to small change of velocity.
Thermal effect due to the change of wave velocity can be negligible as well
because the temperature change is negligibly small. The process involved
in a wave, therefore, may be considered as an adiabatic and frictionless
process, which is an isentropic process.
4.1.2Definitions
It is well-known that flowing substance becomes unstable when the
continuity wave becomes faster than the elastic wave. According to the
criterion of the stability of flow medium, this condition may imply that a
fluidized bed starts bubbling. An MSFB initially maintains a stabilized
condition if fluidization velocity is lower than the deformation velocity
which is defined in the chapter 3.
If the fluidization velocity increases over the deformation velocity,
a bed will be transformed into an aggregate fluidization regime through a
particulate fluidization regime. Now, the transition point of fluidization is57
defined as a condition where the fluidization condition of a bed
transforms from homogeneous to heterogeneous fluidization regime. The
occurrence of the transition point may depend on the magnetic field
intensity. If the magnetic field intensity increases the interparticle force
will become stronger. Therefore, the increase of theinterparticle force
affects the fluidization of a bed and causes the deterrence of the transition
of fluidization mode. The effect of interparticle force on the fluidization
mode will be discussed in more details later on. If the interparticle force is
increased, the elastic wave velocity will increase simultaneously. The
increase of the elastic wave velocity contributes to the improvement of the
stability of fluidization. Hence, we will show that the stability of
fluidization can be improved by 'artificially' created interparticle force.
4.2Geometry of Particles and the Calculation of Interparticle Force in
the Magnetically Fluidized Bed
4.2.1Geometry of Particles and Distance
between Particles in Particulate Regime
We assumed that particles in a magnetically fluidized bed are
uniformly fluidized and the configuration of particlesis cubical
arrangement which is shown in Figure (4.1). In order to calculate the
interparticle force we need to obtain the distance between particles. Hence,
let the line segment AO be the distance between the centered particle in
the cube and a particle located on a corner of the cube. Then, we can
calculate the distance with simple algebraic calculation based on Figure58
(4.1). Letting BC as the length of one side of the cube, X, gives us the length
between point A and C in terms of X.
AC = VAE2 + CE2 = X-N5 (4.1)
AB =
1X2 + (LA )2 = X-N5 (4.2)
Since the length of the line AO is half of the line segment AB and
AB = JBC2 + AC2 we obtain the distance between the two particles as
V-i- AO =
X
2
(4.3)
which is distance between the centered particle and particles located on the
corner of the cube. The one-eighth of the volume of each particle on the
corner of the cube is included in the cube. Since there are eight particles
which belong to the corner of a cube the volume of these particles can be
the volume of one particle. There is one particle in the center of the cube.
Therefore, we can assume that the total volume of particles which belongs
to the cube is the volume of two particles. If we assume that the whole bed
consists of the combination of these cubes, the bed porosity can be
represented with the porosity of a single cube of concern. The porosity of
the cube can be obtained with Eq. (4.5).
total volume of particles within cube e = 1
single cube volume59
Figure (4.1) Configuration of particles in a particulate fluidization regime
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Therefore, the obtained porosity of a bed is
itd3
e = 1
220
and the length of each edge of the cube, X, is
(4.5)
(4.6)
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Hence, the distance, rd, between the centered particle and a particle on a
corner of the cube is
rd
X =
2sin9
since both a and a' are 35.26°, the distance, rd, becomes
rd = 0.87\
2 sin 35.26
Rd;
2(1e)
(4.7)
(4.8)
The distance between the body-centered particle and a particle on the same
vertical axis as the body-centered particle, r is
ird;
2(1e)
(4.9)61
4.2.2. Interparticle Force between Particles
in the Magnetically Fluidized Bed
When a magnetic field is applied into a bed with solenoid
magnetizable particles become magnetized. The magnetization of a
particle depends on the magnetic properties of the particle. Para- and dia-
magnetic particles are linearly proportional to the change of magnetic field
intensity. However, ferri- and ferro-magnetic particles demonstrate strong
and very complicated magnetization behaviour corresponding to the
small change of an applied magnetic field. The magnetization of ferri- and
ferro-magnetic particles is very strong compared with magnetization of
para- and dia-magnetic materials. Because of this magnetic property of
ferri- and ferro-magnetic materials, they have a number of industrial
applications.
The hysteresis curve of magnetization of ferri- and ferro-magnetic
particles are a good example to characterize the magnetization of these
materials with regard to the applied magnetic field. The explanation on
these magnetic properties can be found easily in many references [Chen
(1977), Barrett et al. (1973), Griffiths (1981), Stanley et al. (1982)].
When particles become magnetized these particles behave like
magnetic dipoles. We assume that the intensity of an induced magnetic
field is B and the magnetic field is uniform throughout a bed. Magnetic
dipole moment caused by the magnetization of particles is m. Since size,
shape, and material of all particles are assumed to be same the magnetic
dipole moment of every particle may be same. The potential energy acting
between two magnetic dipoles may be defined as -m -B. When there are62
two magnetic dipoles they interact each other because of a magnetic field.
The magnetic field intensity exerted on one dipole by the other depends
on the distance between them. Figure (4.2) illustrates the configuration of
two dipoles having different magnetic polarization axes at a constant
induction of magnetic field.
Figure (4.2) Interacting force between two magnetic dipoles of moments
m and m'
Once we calculate the electric field intensity generated by an electric
charge at a point apart from a point 0 by r. Because of the similarity of
electrostatics and magnetostatics we can superimpose the case of
electrostatics to the case of magnetostatics. Hence, we calculate the electric
field intensity generated by a charge q at a point 0' apart by r from the
origin according to Figure (4.3) and then apply the result to the case where63
two magnetic dipoles are attractng each other. Consequently, we can
calculate the magnetic field intensity generated by one magnetic dipole of
moment m at a point 0 at a point apart from point 0 by r.
Figure (4.3)Electric field intensity produced by a charge q at a point 0'
apart by r from the origin
(r,a) are polar coordinates at point 0' with pole 0 at the mid point of the
line segment A'A. Ea and Er are components of the electric field intensity
E in the transverse and radial directions at point 0', and perpendicular to
line 00'. Here, E is the electric field intensity at a point generated by a
charge q and is defined64
E =grad M (4.10)
where, M' is a potential at a distance r from a charge q. The potential
energy is given as
- M' = q___=m r
4incor2 47ncor3
1m grad(-1 )
47occ, r
We can relate Er and Ea to the potential in the forms of
am. E =
ar
1 am' E.
rar
Substituting M' into Eq. (4.12) and Eq. (4.13) yields
Er =
12m cos a
4inco r3
1msina Ea =
4R-tcor
3
Noting that vector m has components
[m cos a, m sin al
(4.11)
(4.12)
(4.13)
(4.14)
(4.15)65
we can express this result in a vector form. From the equations, Eq. (4.14)
and Eq. (4.15), the vector E + m/47tKor3 has zero transverse component and
3mcosa/4nicor3 as a radial component. The electric field intensity, E, can be
written
1m 13m cos oc E + = r
47ncor3 47ocor
4
Finally, we obtain
13m r
= r
4inc.r5
1( 3m- r m E =
4i
r
nco rs r
3 (4.17)
If we superimpose the obtained result to magnetostatic, we can find
the magnetic field intensity generated by one magnetic dipole of moment
m at the other magnetic dipole of moment m' apart each other by r. From
Eq. (4.17), the magnetic field intensity generated by m is
B =go ( 31n rr
m
4n r5 r3
Therefore, the potential energy, M, of m' can be expressed as
M = int.B
(4.18)go 1M M-
, 3-M nit' .r
4nr
T
rs
=R0mm [cos(a a')3cos a cos al
4n
=40Inint [sm.a sm.' a'2 cos a cos al
4n
(4.19)
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In order to obtain the interacting force between two dipoles we
differentiate the obtained potential energy with regard tothe distance
between two dipoles, r, then we will get
am a( gommi .m
.m Fa, = (aa' 2cosacosa')
ar ar4nr3
3omm' ,. .
=
1.t (smasma2cosacosa')
4nr4
(4.20)
It is required to calculate interparticle forces for two different cases.
Case one is for the force between the body-centered particle and the particle
on the corner of the cube. Case two is for the force betweenthe body-
centered particle and the particle below the body-centered particle on the
same vertical axis. The angle between the body-centeredparticle and the
particle on the corner of the cube is 35.26°. The angle between the body-
centered particle and the particle below the body-centered particle is zero.
Hence, the total interparticle forces acting on the body-centered particle can
be expressed in the form ofFattr =
31.10mm'2 1 gorrall' + = 1.1743 (4.21)
2n r4d cI4 1
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Figure (4.4) Variation of relative interparticle forces as a function of the
variation of bed porosity
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If we consider a constant magnetization of particles and a constant
magnetic field intensity, [to, m, and m' may be constant. Therefore, we can
obtain the relation of interparticle forces as a function of the bed porosity.
This relation is illustrated in Figure (4.4). According to Figure (4.4), we can
recognize that the relation between relative magnitude of interparticle
forces on a single particle and bed porosity may be approximately linear
within a normal operating condition ranging from 0.4 to 0.9.68
4.3Model of the Continuity Wave Velocity
The continuity wave velocity in a fluidized bed has been studied
quite a bit by several researchers [Slis et a/. (1959), Wallis et al. (1969),
Massey et a/. (1968)]. Slis et al. (1959) developed a model of the continuity
wave velocity by considering the step change of the fluidizing velocity in a
liquid fluidized bed of solid particles. When the fluidization velocity is
changed suddenly, the local bed porosity will be changed immediately.
There exists a sharp and horizontal surface of discontinuity of bed
porosity. Ahead of the discontinuity surface, the bed porosity is not
affected by the change of the fluidization velocity yet. Behind the surface,
the bed porosity is already adjusted to the bed porosity change. The
difference between these two bed porosities causes a concentration
gradient which forces the surface to move upward through the bed.
For a steady state condition, when the fluidization velocity is
changed suddenly and remains constant, one can obtain a relation based
on the continuity equation
Hence,
(1---c0)hoA = (1ei)h, A (4.22)
(1e0)ho = (1e1)h, (4.23)
Richardson-Zaki (1954) proposed an equation of state in a liquid
-solid system which is expressed as4:1) = Ut en
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(4.24)
Other investigators, however, proposed different forms of equation of
state in fluidized beds. Assuming particles are perfectly smooth sphere,
Leva (1959) also proposed
e3 U, = 0.09U,
1e
(4.25)
for liquid-solid fluidization on the condition of Ret < 10. Flemmer et al.
(1987) suggested
U8
e1/(0.236 + 0.01309InRet) (4.26)
for the range of 0.01 < Ret < 1000. For the simple and diverse application,
the Richardson -Zaki equation is chosen to use in this study.
For unsteady state condition, when we consider a condition
immediately after the fluidization velocity is changed from (Do to 01, the
continuity equation for the differential change of the bed height at this
moment is given by the following differential equation.
a(1- e)uaoe)
+ = 0
Dx at
(4.27)
To obtain the interstitial velocity of the fluid, modify Eq. (4.24) in
the form of70
(1),= ute
n
(4.28)
where, (I)/e is the difference between the fluid and particle velocities. Even
if particle velocity, Up, is zero at steady state condition, this relative
velocity is still applicable. Hence, if we apply this condition to Eq.(4.28)we
will get
111 - UPuten-i
(4.29)
Since the continuity of flow in the bed is conserved after the fluid
velocity is increased this relation may be given
euf + (1 e)up = cDt
Combining Eq.(4.29)and Eq.(4.30)produces
- up = ute
(4.30)
(4.31)
If Eq.(4.31)is substituted into the continuity equation, Eq.(4.27),one can
obtain the following differential equation.
((ne'(n +1)en)U + 01)-5-;
aC
+as
= 0 (4.32)
Therefore, when a bed experiences an infinitesimal disturbance of
the bed porosity, de, it can be found that this disturbance of bed porosity71
propagates upward through the bed with the velocity, so-called the
continuity wave velocity:
Ue = [nen"1 - (n + 1)elUt + (Di (4.33)
The final form of the continuity wave velocity to be used can be expressed
in the form of
Uc = nU,(1e)en-1 (4.34)
The continuity wave velocity curve in a particulate fluidization
regime is shown in Figure (4.5) for the case of steel shot of diameter 100
gm with air as a fluidizing fluid.
Thevalue of n in the Richardson-Zaki equation, Eq. (4.24),
represents the characteristic of the particle and a function of Ret and the
wall effect on the bed. Richardson et a/. (1954) presented the Richardson-
Zaki exponent, n, as functions of the Reynolds number evaluated at the
terminal velocity of a particle and of the ratio of the diameter of particle to
the diameter of a bed. The relations of exponent, n, can be simplified as a
function of Reynolds number, Ret, when the ratio of diameter of particle
to the diameter of bed is small enough. Since the ratio is usually quite
small, this approximation is reasonable.
n = 4.65 + 19.5dp / D
n =(4.35 + 17.5dp / D)Re4t "
n =(4.45 + 18dp / ID)Re"
for Ret < 0.2
for 0.2 < Ret < 1
for 1 < Ret < 200n = 4.45Re-t- "
n = 2.39
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for 200 < Ret < 500
for 500 < Ret
Figure (4.5) Continuity wave velocity in a particulate fluidization regime
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Rowe (1987) develops much simpler form to calculate exponent n as
a function of the Reynolds number, Ret, of a free settling particle.
n = 2.35(2 +0.175Re:/4)/(1+ 0.175Re3/4) (4.35)
The relation between the Richardson-Zaki exponent, n, and the
Reynolds number, Ret, of a free settling particle is plotted in Figure (4.6).
This figure shows that the lowest and the highestvalues of the exponent,73
Figure (4.6) Relation between the Richardson-Zaki exponent n and the
Reynolds number, Ret, of a free settling partide
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n, ranging from 2.35 up to 4.69. The calculated values of n correspond
fairly closely with experimentally obtained values.
On the other hand, Foscolo et al.(1985) indicate that the
Richardson-Zaki exponent, n, is applicable for the particulate gas-solid
fluidization system when they compare the experimentally determined
value with the calculated value of n.74
4.4Model of the Elastic Wave Velocity
A flowing substance has elastic properties and responds to a change
of flow conditions in different ways. When pressure is suddenly changed
the flowing substance will be divided into two portions across a boundary.
The boundary is a surface which divides the flowing substance into two
parts; 1) ahead of the boundary the pressure change is not adjusted yet, 2)
behind it the change is already adjusted. This boundary formed due to
pressure change is termed as a pressure wave. The pressure wave willbe
propagated forward due to the pressure gradient. For an incompressible
fluid the speed of the propagation of the wave is instantaneous. For a
compressible fluid, however, this speed becomes very important because it
depends on the elastic properties of the flowing substance.
Massey (1968) suggested that the variation of pressure initiates the
density variation in a flow system and the boundary of the discontinuity
of density in the flow system would be propagated through the system in
order to adjust itself to this discontinuity. Wallis (1969) also suggested that
net force on a flowing substance produced by the concentration gradient
generates the elastic wave.
Pressure variation in a flowing system causes a density change. This
can be set with moving axes at the wave velocity.The continuity of the
flow through differential area of wave surface would be conserved. Hence,
(p + op)(u w + &L)AA = p(uw)AA
This equation can be rearranged as:75
(wu)Sp = (p + Sp)Su (4.36)
Due to momentum conservation across the wave, the net force difference,
Figure (4.7) Propagation of the elastic wave through a bed
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ahead of the wave should be equal to the increase of momentum behind
the wave
(P + SP) AA PAA = p(uw)AA(Su)
Therefore, the dffierential pressure change can be expressed as:
SP = p(wu)Su (4.37)
Combining Eq. (4.36) and Eq. (4.37) yields
SP
Sp P
p
813
(wuu)2
4-W U =
p
2 ((-1-Sp) S
1/
SP
P )
(4.38)
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When the pressure deviation is very small, density deviation becomes
very small too. Hence, Eq. (4.38) can be simplified in the form of
w u =
Sp
If we define w - u as the elastic wave velocity, Ue, we obtain the following
relation.
U. =
SP
(4.39)
In a homogeneous fluidized bed, Foscolo et al. (1984) considered the
bed is supported by a frictionless piston just like a distributor. This piston
is stationary while being supported by the pressure P. They express the net
force acting on a single particle, SP as
SF =
SP
NP / A
where the number of particles in a bed may be obtained by
6(1e)A
NP
ICCI3p
(4.40)
(4.41)77
Combining Eq. (4.40) and Eq. (4.41) and substituting the result into Eq.
(4.39) yields
1/2
=(4(1_c)') SF
e Rd; 8Pb
(4.42)
The bed density is a function of bed porosity. The net force on a particle
due to a small increase SP is the difference between the drag force and the
effective weight of particle. These relations can be expressed respectively as
follows:
Pb = Pf +(1Opp (4.43)
F = FdFe (4.44)
The general expression for a drag force on a single particle in a fluidized
bed, Fd, is proposed by Gibilalo et al. (1985)
4.8
Usn
Fd = rdt e-18
U t
(4.45)
Foscolo et al. (1984) obtained the "effective weight" of a single particle in a
fluidized bed.
Fe
7cd3
6P (Pp -PE)c (4.46)78
Replace Fd and Fe by Eq. (4.45) and Eq. (4.46) to get a net force on a particle
due to a pressure change
4.8
F =F( U-L
n
E
-38
dt
Ut
Rd'
6
P (P
P fP )ge (4.47)
Since both of the bed density and the net force on a particle are a
function of bed porosity, we can differentiate Eq. (4.43) and Eq. (4.47) with
regard to bed porosity, e, respectively
aPb= +(1opp)= pp (4.48)
ae
rae
(Pf
aF
4.8 d ic = 3.8Fd
t aE Ut
e-4.8 (PPPf)g 6
icd3
pf (4.49) = 4.8
61-3
P
We obtain the following differential form of the aF /apb
aF aFapb
apb adae
4.8ncl; = _ pf)g
(pp) 6
nd3 = 4.8 IL
P
pf)g /pp
6
(4.50)79
When we substitute Eq. (4.50) into Eq. (4.42), we can obtain the
elastic wave velocity as a function of the bed porosity only in a fluidized
bed
ue =
( 4(1e) )
1/2
(4.8
Rd3Pg(PPPf )
7cd2 6gpp
=113.2gdp (pppf)(1e) / pp (4.51)
In MSFBs, however, we can not neglect the interparticle forces any
more since the effect of these forces become so dominant. First of all,
particles in a bed become magnetized and tend to align themselves along
the magnetic field lines. Just before a bed reaches the deformation point,
we presume that this reordering movement of particles reaches the
maximum degree of arrangement of particles. This qualitative behaviour
of magnetized particles comes from the magnetic interparticle force.
The interparticle force in an MSFB is obtained in the previous
section 4.2.2. Therefore, it is required to include the interparticle force in
the force balance around a single particle. Here, we have to recognize the
fact that the magnetic interparticle force doesn't work on a single particle
at all. The magnetic interparticle force acts as a force which makes particles
attract each other. Since magnetized particles are aligned along magnetic
field lines, i.e. vertically interacting force in this case, all particles are
sticking to each other vertically.
A particle is attracted upward by a particle above but it is attracted
downward by a particle below simultaneously. Both of these attracting80
forces are same magnitude of strength since the induced magnetic field
intensity is assumed to be constant and the magnetization of all particles is
same. Therefore, the net force acting on a single particle can be null.
However, there exists certain force acting between two particles even
though the net force acting on a single particle is zero. According to Eq.
(4.21), the magnetic interparticle force is a function of bed porosity only. If
the bed porosity is changed and maintained constant the change of the bed
porosity will cause the expansion of the distance between particles. The
strength of the magnetic interparticle force also will be altered instantly in
response to the change of bed porosity. Each particle will have same
strength of the magnetic ineterparticle forces. Therefore, the net magnetic
force acting on a single particle will be still null. In other word, magnetic
force balance around a particle is in equilibrium condition.
If it is attempted to fluidize the bed under the situation the drag
force acting on a single particle has to overcome the effective weight of a
particle first. Additional drag force is required to break down the magnetic
interparticle force. The strength of the magnetic interparticle force only
depends on the distance between two particles. The distance between two
particles is obtained in the section 4.2.2. These distances can be expressed in
terms of the bed porosity only. When we consider force balance for a single
particle we need to take into account the magnetic interparticle force
together with other forces.
When pressure in fluidized bed is changed suddenly the energy
dissipation around a single particle can be interpreted as the difference
between the drag force produced with fluidizing fluid and the summation81
Figure (4.8)Configuration of magnetic interparticle force acting between
particles
Fat"
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of the effective weight of a single particle and the magnetic interparticle
force, which tend to pull down a single particle. The difference between
drag force and effective weight of particle is a function of bed density. Both
of these are function of bed porosity at the same time. The magnetic
interparticle force is function of bed porosity only. Therefore, Eq. (4.42) can
be modified while taking the effect of interparticle force into account in
the force balance as follow:
,1/2
4(1e) SF8F.T2
Ue =
Rd; 8Pb
(4.52)82
Here, we already obtained the first term in the second bracket of Eq. (4.52)
in Eq. (4.50). The 8Fattr can be expressed in the following relation:
Fat,
Fat =
aae
(4.53)
The expression of the Fattr is also obtained in the section 4.3.2. Therefore,
when we substitute Eq. (4.21) into Eq. (4.53), we will get
Wat =
aFattr
ae
31.t0mmt (101/3
d4
(4.54)
When we plug both Eq. (4.50) and Eq. (4.54) into Eq. (4.52) we will get the
final form of the elastic wave velocity in the form of
where
4(1 /03
Ue = 4.8 --E-- pf)g /pp + AFatt,
ird2p 6
4(1e), =(3.2gdp (pppf)(1e) / pp +ird2attr
P
ar
Mrn' \
:
I/3
AF= 1.6°d (1e)
(4.55)
(4.56)83
The elastic wave velocity curve is shown in Figure (4.9) with
spherical steel particles with size of 100 gm and this curve depends on the
particles' diameter, the intensity of a magnetic field and magnetization of
particles. Therefore, when we compare this curve with the continuity
wave velocity, we can predict the transition point of fluidization regime
from the homogeneous to heterogeneous fluidization regimes. The elastic
wave velocity curve represents the characteristic of the elasticity of a
flowing medium.
Figure (4.9) Elastic wave velocity in particulate fluidization regime
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Furthermore, when the interparticle force is increased the whole
curve tends to move upward along y-axis. This movement of the elastic
curve corresponding to the increase of the interparticle force produces the
more stable fluidization state.85
CHAPTER 5
DISCUSSION OF MODEL AND CONCLUSION
Several investigators [Slis (1959), Massey (1968), Wallis (1969),
Verloop (1970), Foscolo (1984, 1985), Gibilaro (1986), Hemmer (1987), Cox
(1991)] have studied the wave velocities in order to relate the change of
superficial velocity of a bed to the corresponding variation in the bed
porosity. They also have tried to correlate these wave velocities to predict
the transition point from a homogeneous to a heterogeneous fluidization
mode. Richardson and Zaki suggested an equation which correlates the
bed porosity to the superficial velocity in liquid-solid fluidization in the
form of (1) = Uten, Eq. (4.24), or more conveniently
us = ut en (5.1)
Foscoloet al. (1985), on the other hand, asserted that the
Richardson-Zaki exponent, n, can be applied to the particulate gas-solid
fluidization mode. They found that the experimentally obtained value of
n for a particulate expansion regime is reasonablyclose to the
corresponding value predicted by the Richardson-Zaki correlation. Hence,
we presume that the Richardson-Zaki correlation is applicable togas-solid
fluidization mode.
Wallis (1969) proposed that a flowing substance becomes unstable
when a continuity wave velocity surpasses an elastic wave velocity.
According to this criterion, one can classify fluidization into three regimes.Ue > Ue
Ue = U
Ue < UC
homogeneous fluidization
transition from particulate to
aggregate fluidization
aggregate fluidization
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Based on these criteria we can predict the transition point from a
homogeneous to a heterogeneous fluidization regime by comparing the
calculatedcontinuity and elastic wave velocities.In Figure (5.1), we
show that elastic wave velocity increases with an increase in magnetic
interparticle force where Fattr,o < Fattr,i < Fattr,2 < Fattr,3. The fluidization
condition is completely unstable in the absence of magnetic interparticle
force (for the case of Fattr,o). When we increase the magnetic interparticle
Figure (5.1)Relation between the continuity and elastic wave velocities
and the bed porosity
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force from Fattr,i up to Fattr,3 the elastic wave velocity moves upward
along the y-axis. At the same time, the predicted transition point, as a
value of bed porosity, is increased. Particulate fluidization will be
maintained as long as bed porosity is less than the value at the cross point
of the elastic and continuity wave velocities. The shaded area shows the
particulate fluidization regime.
Using other investigator's experimental data [Saxena et al. (1990,
1991)1 we obtain the interparticle force at a stabilized condition and the
comparison between experimentally determined and calculated bed
porosities respectively. Figures (5.2) and (5.3) show the obtained results.
Based on our model for deformation point, we calculate
interparticle force acting on a single particle. The magnetization of the
particle doesn't change even when the bed is transformed from stabilized
to particulate or aggregate fluidization condition. Figure (5.2) shows us
that the interparticle force becomes stronger with the increase of magnetic
field intensity. This increase of the interparticle force is obviously due to
the increase of magnetic dipole moment of spherical particle. The increase
of the magnetic dipole moment results in the increase of magnetization of
particle due to increased magnetic field intensity. Therefore, we can see
that the different dynamic behaviour of particles in an MSFB originates
from the applied magnetic field.
When we compare the experimentally obtained bed porosity at the
transition point with the predicted bed porosity we find that the predicted
values closely match the experimental values. The result is plotted in
Figure (5.3). We presume that the discrepancy at higher bed porosity is
caused by either channeling or channeling and bubbling. In these cases, we88
guess that a great portion of the fluidizing fluid is passing through
channels rather than passing by each particles. Figure (5.3) demonstrates
our theoretical model can predict the transition point with reasonable
accuracy.
Figure (5.2) Relation between interparticle forces and the magnetic field
intensity applied into a bed
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Figure (5.3)Comparison between the experimentally obtained bed
porosity and the predicted bed porosity
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Based on our theoretical model of prediction of transition point
from a homogeneous to a heterogeneous fluidization regime we conclude
that:
1) The interparticle force produced by magnetization of particles is
the main reason for the different behaviour of fluidized particles in90
MSFBs. Based on Figure (5.2), we observe that the calculated interparticle
force becomes stronger as the applied magnetic field intensity increases.
2) The magneticinterparticle force improves the stability of
fluidization. Figure (5.1) illustrates transition of fluidization mode occurs
at the higher bed porosity with the increase of magnetic interparticle force.
This fact implies the stability of fluidization can be extended by increasing
magnetic field intensity.
3) The role of the interparticle force on the fluidization of particles
(i.e. Geldart's class C fine powders) can be elucidated in two different ways.
The first one is that the interparticle force acts as a positive factor to make
a bed stably fluidized when the interparticle force is moderately strong.
The second one is that the interparticle force may be considered as a
negative factor to impede the fluidization of the bed when the force is
overwhelmingly strong.
4)Bubbling and/or channeling occur with the increase of
fluidization velocity under constant magnetic field intensity. This
fluidization mode will appear when the effective weight of a particle is
firstly overcome by drag force and then the interparticle force is overcome
by the drag force. The turbulence caused by fluidizing fluid makes a
flowing substance unstable, which means that the continuity wave
surpassed the elastic wave.
5) The whole bed is levitated when the interparticle forces are
strong enough to stand for drag force equivalent to the weight of a bed and
this levitation of bed has been experimentally observed several times.91
CHAPTER 6
APPLICATIONS AND LIMITATIONS OF MSFBS;
RECOMMENDATIONS FOR FUTURE WORK
6.1 Applications and Limitations of MSFBs
MSFBs can be used in diverse applications using the characteristics
of MSFBs, which are summarized in the Table (2.1) .
One of the main characteristics of MSFBs is they retain a packed, or
fixed, bed condition after fluidization velocity increases over the
minimum fluidization velocity. MSFBs can be used for biochemical
separations where cellular debris would clog a normal packed bed and for
the continuous filtration ofcell debris [Burnseta/. (1985), Brendaet al.
(1989)]. The purification efficiency can be improved by adding
nonmagnetizable particles.
Since MSFBs can eliminate the formation of bubbles and prevent
the back-mixing of particles, attrition of particles can be greatly reduced.
Therefore, this technique can be utilized for the drying of materials.
Another unique application of MSBs is the separation of particles
from gases. Since MSBs are free of gas-bypassing and bubbling, the
separation efficiency in MSBs much higher compared to conventional
fluidized beds [Lucchesiet al.(1979), Albertet al.(1985), Cohenet al.(1991)].
Another possible feature of separation process is solids/solids separation
by density in crossflow MSBs [Rosensweiget al.(1987)].92
There are some limitations in the applications of MSFBs due to the
magnetic properties of the ferromagnetic materials. Hence, the operating
condition should be conserved within acceptable region.
A ferromagnetic material has a characteristic temperature, called
Curie temperature. If a ferromagnetic material is heated over its Curie
temperatureit behaves likea paramagnetic material losingits
ferromagnetic properties. Due to the thermal characteristic of a
ferromagnetic material, the applications of MSFBs should be restricted
below Curie temperature of the ferromagnetic material. Curie
temperatures of typical ferromagnetic materials are listed in Table (6.1).
If magnetic field intensity is increased infinitely the magnetization
of a ferromagnetic material eventually reaches a limiting value. This
limiting value of magnetization is called the saturation magnetization of
the ferromagnetic material. A ferromagnetic material cannot be
magnetized over the value of its own unique saturation magnetization.
Therefore, the interparticle force may be generated only up to the strength
which is produced at the saturation magnetization of a ferromagnetic
material. Hence, the magnetically generated interparticle force cannot be
infinite. We note, nevertheless, that the saturation magnetization of a
ferromagnetic material is still high enough to be utilized. Saturation
magnetization of typical ferromagnetic materials are also shown in Table
(6.1).93
Table (6.1) Intrinsic magnetic properties of typical ferromagnetic metals
Metal Saturation magnetization Curie temperature
(105 A/m or 102 G at)
0K 17°C K °C
Iron 17.45 17.08 1043 770
Cobalt 14.30 13.98 1400 1127
Nickel 5.22 4.84 631 358
6.2. Recommendations for Future Work
It is very important to obtain accurate experimental data at a
deformation point because the data will be used for the calculation of the
magnetic dipole moment of a particle. Hence, we would like to
recommend to use more precise experimental apparatus.
Once reasonable experimental data are obtained, these data can be
used to calculate the magnetic dipole moment of a ferromagnetic particle
together with magnetic interparticle forces. Later on, one can predict the
transition point based on the calculated magnetic dipole moment of a
particle obtained at the deformation point. Under a constant magnetic
field intensity, we expect that it is available to compare the relative
magnitude of forces acting on a particle. Based on the obtained result, one
can find the effect of interparticleforces on the classification of
fluidization. Subsequently, one can anticipate the role of interparticle94
forces on the fluidizability of fine particles (Geldart's class C particles) by
comparing the relative magnitude of forces acting on a particle.
On the other hand, we can directly use the magnetization of a
particle if the magnetization data are available for a given particle and
magnetic field intensity. The magnetization of ferromagnetic particles is a
complex function of magnetic field intensity. Up to certain magnetic field
intensity, however, it is quite reasonable to assume that the relation
between magnetic field intensity and the magnetization of a particle is
linear. When the magnetic field intensity approaches the saturation
magnetization of a ferromagnetic material, the relation between these two
elements becomes nonlinear.
The magnetization of a ferromagnetic particle depends on the shape
of a particle as well. We assumed that particles are completely spherical in
our study. It is, however, necessary to obtain an experimental correlation
factor for the effect of the shape of a particle in order to extend the
applicability of our model although the dependency of magnetization of a
ferromagnetic particle on the shape of the particle is very complicated.95
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